INTRODUCTION
Although catheter ablation can be an effective treatment strategy for atrial fibrillation (AF), approximately 1 in 6 patients will undergo repeat ablation within 1 year of their initial ablation procedure [1] . This has motivated the search for clinical and demographic parameters that might predict an increased likelihood of AF recurrence and need for repeat ablation.
Although many studies have assessed predictors of AF recurrence after ablation, it is unclear whether there are additional relevant predictors of need for repeat ablation. Among clinical variables, the pattern of AF (paroxysmal vs persistent), congestive heart failure, hypertension, tobacco use and gender have all been associated with risk of AF recurrence [2] [3] [4] , as have serum biomarkers such as C-reactive protein (CRP) [5] . Anatomic characteristics identified on cardiac imaging have also been evaluated as predictors of AF recurrence. Prior studies have suggested that larger left atrial (LA) size and lower left ventricle ejection fraction (LVEF) are associated with increased AF recurrence after ablation, although a meta-analysis demonstrated significant heterogeneity across studies in the predictive capacity of these parameters [6] . Although the pulmonary veins (PVs) are known to play an important role in the pathophysiology of AF and prior studies have assessed differences in PV anatomy and geometry between patients with and without AF, the role of PV anatomic features as predictors of AF recurrence and need for repeat ablation have not been well characterized.
In this analysis, we sought to identify predictors of the need for repeat ablation in a cohort of patients undergoing initial AF ablation.
MATERIALS AND METHODS
The Emory University institutional review board approved the study protocol. Patients at Emory University Hospital Midtown undergoing initial catheter ablation for AF between January 2004 and February 2014 who had preprocedure cardiac magnetic resonance (CMR) imaging performed were included in this analysis. Baseline demographic data, clinical covariates, and procedural details were ascertained by review of electronic medical records. The decision to perform AF ablation along with specific details of the ablation strategy and peri-procedural management was performed at the discretion of the treating physician. PV isolation was the primary goal of all procedures, with additional substrate modification performed at operator discretion. The decision regarding need for and timing of repeat ablation was also left to the discretion of each operator.
All patients included in this analysis underwent preprocedure gadolinium-enhanced CMR to delineate LA and PV anatomy. CMR was performed on a 1.5 Tesla Philips Intera ® magnetic resonance imaging (MRI) scanner (Amsterdam, The Netherlands) using a five-element phased-array cardiac coil. PV anatomy was defined using turbospin echo and gradient echo imaging in axial and double oblique planes following administration of gadopentetate dimeglumine (Magnevist ® ) or gadobenate dimeglumine (MultiHance ® ) at a dose of 0.075-0.10 mmol/kg. Orthogonal projections of angiographic images were used to measure PV and LA dimensions [7] .
Statistical analysis
Continuous variables are presented as mean ± SD, and categorical data are summarized as frequencies and percentages. Comparisons across groups were performed using the Student's t test or χ 2 test, as appropriate. A binomial logistic regression of variables with univariate P-value ≤ 0.1 was used for the multivariate analysis. For all comparisons, a two-tailed P < 0.05 was considered to be statistically significant. Analysis was performed using MATLAB software (Mathworks, Inc., Natick, MA, United States).
RESULTS
A cohort of 331 patients underwent first time AF ablation with pre-ablation CMR scans. Of the entire cohort, 142 (43%) underwent repeat ablation at a mean of 13.6 ± 18.4 mo after the initial procedure. Among repeat procedures, 61% were performed primarily for recurrent AF and the remaining were performed primarily for organized atrial tachycardias. Touch-up lesions were performed on at least one PV for 69% of patients upon repeat ablation.
Across the entire cohort at the initial procedure, mean age was 58.4 ± 10.3 years and 24% had persistent AF, without significant differences between those undergoing a single vs repeat procedures. During the index ablation, 91% of patients had radiofrequency (RF) ablation and the remaining had Cryoballoon ablation, again without significant differences in the single vs repeat procedure groups. In addition to PV isolation, 101 (31%) patients underwent additional substrate modification during the initial procedure, including 79 patients who underwent linear lesions (either mitral annulus or LA roof) and 55 patients who had LA complex fractionated atrial electrograms (CFAEs) ablated. Duration of the first ablation procedure, defined as the elapsed time between initial and final ablation lesions, was longer in patients who required repeat procedures, although the difference was not significant (148.4 ± 53.5 min vs 138.3 ± 55.2 min, P = 0.11).
Baseline clinical characteristics, stratified by patients with and without repeat ablation are shown in Table 1 . Males were more likely to undergo repeat ablation (81% vs 71%, P = 0.05). Left ventricular ejection fraction was lower in patients undergoing repeat ablation, although the absolute difference between groups was small (57.4% ± 10.3% vs 59.8% ± 9.4%, P = 0.04). Other clinical parameters, including the prevalence of hypertension, coronary artery disease, diabetes mellitus and obstructive sleep apnea were similar between groups. Medications at the time of initial ablation were also similar.
Anatomic predictors of need for repeat ablation identified by CMR are presented in Table 2 . Mean left and right PV ostial diameters were significantly larger in patients undergoing repeat ablation: Right superior PV, 21.5 mm ± 4.3 mm vs 19.4 mm ± 4.0 mm (P < 0.01); right inferior PV, 19.6 mm ± 5.8 mm vs 18.0 mm ± 3.5 mm (< 0.01); left superior PV, 18.7 mm ± 3.0 mm vs 17.7 mm ± 3.4 mm (P < 0.01); left inferior PV, 18.6 mm ± 5.0 mm vs 17.0 mm ± 2.7 mm (P < 0.01). Although on average patients requiring repeat procedures had larger PVs, there was significant overlap in the distributions, making it difficult to identify clinically meaningful thresholds to predict an increased risk of need for repeat ablation. For example, in the distribution of right superior PV diameter, only 5% of patients with a single ablation had diameters > 25 mm, and among patients requiring repeat procedures, only 4% had right superior PV diameters < 16 mm ( Figure  1 ). However, 80% of the measurements fell between 16 and 25 mm with significant overlap between those undergoing a single vs repeat procedures ( Figure 1 ). Cumulative PV diameter was also significantly larger in patients who required repeat ablation: 78.5 ± 11.2 mm vs 71.6 ± 9.5 mm (P < 0.01), although there was 
DISCUSSION
In this cohort of 331 patients undergoing first time AF ablation, both clinical parameters including male gender and LVEF and anatomic characteristics assessed by CMR, most notably increased PV size, were associated with need for repeat ablation. However, in multivariate analysis, only increased PV size remained a significant predictor, suggesting that clinical factors may have limited utility in predicting the likelihood of repeat ablation. These findings also highlight the possibility that pre-procedure imaging may be useful in counseling patients undergoing initial AF ablation on the likelihood of needing repeat procedures and may facilitate more informed decision-making.
Clinical predictors of need for repeat ablation
In our cohort, male gender was more prevalent among those requiring repeat ablation. Our findings regarding male gender are consistent with the results from the STOP-AF trial, in which the only clinical parameter predictive of early recurrence was male sex [4] . Interestingly, in our analysis, male gender was correlated with PV diameter, so it is conceivable that male gender is a marker for larger PV size and was thus no longer significant in multivariate analysis once PV size was taken into account.
Left ventricular ejection fraction was lower in patients undergoing repeat ablation, which is also consistent with previous findings looking at predictors of AF recurrence [8] . It should be noted, however, that in our analysis mean ejection fractions were in the normal range in both groups (single and repeat ablations) and the absolute difference in LVEF, although significant, was small. Such small differences in LVEF within the normal range are unlikely to have any clinically meaningful impact in helping to risk stratify patients likely to need , P = 0.13) atrial areas assessed by CMR were numerically larger in patients with repeat ablation, although the differences were not significant. Of note, due to evolution in the protocol for measuring atrial volumes by CMR at our institution, right and LA area data were only available for 204 out of 331 patients. There was a statistically significant but modest direct correlation between PV size and LA area for all but the left inferior PV (Figure 2) . A multivariate linear regression of all 4 PVs with LA area was also significant (R 2 = 0.11, P < 0.01), demonstrating a direct relationship between PV and LA size. Male gender was also associated with larger PV size, although the results were only significant for the right superior PV [odds ratio (OR) = 1.10, 95%CI: 1.03-1.18, P < 0.01] and left superior PV (OR = 1.19, 95%CI: 1.09-1.31, P < 0.01).
Results of an analysis to identify multivariate clinical and anatomic predictors of need for repeat ablation are presented in Table 3 . The only multivariate predictor of need for repeat ablation was larger right superior PV diameter (OR = 1.08 per millimeter increase in diameter, 95%CI: 1.00-1.16, P = 0.05). There were also trends toward significance in multivariate analysis for increased left and right inferior PV dimensions as predictors of need for repeat ablation. Clinical variables including male gender and LVEF were no longer significant predictors of need for repeat ablation after 
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ficantly different between those undergoing single vs. repeat ablations in our cohort. Previous studies have assessed anatomic predictors of AF recurrence after ablation. Two studies which used pre-ablation CT to characterize PV and LA anatomy found that anomalous PV anatomy (e.g., presence of left common PV trunk or presence of middle accessory PVs) was not correlated with procedure outcome [12, 13] . To our knowledge, only one other study investigated the effect of PV size. Our findings corroborate the results of Hauser et al [14] who reported that patients with at least one PV ostial area larger than 461 mm 2 were more likely to have early recurrence of AF and those with at least one PV area larger than 371 mm 2 were more likely to have late recurrence. The results of our multivariate analysis suggest that an increase in PV diameter of one millimeter is associated with a roughly 5%-10% increased likelihood of requiring a repeat ablation. Although the pathophysiology of AF is not fully understood, it is known that the myocardial sleeves extending around the PVs are sites of enhanced automaticity and anisotropic conduction which may facilitate re-entry and provide some of the triggers and substrate necessary for AF [15] . Several hypotheses may explain why multiple procedures.
None of the other clinical parameters in our study were significantly different between the cohorts who had a single ablation vs those who required repeat procedures. This corroborates the recent findings of AlHijji et al [9] , who studied predictors of repeat catheter ablation in a large study of over 8600 patients, and found no association between congestive heart failure, hypertension and diabetes and need for repeat ablation. Other studies have implicated obstructive sleep apnea in the pathophysiology of AF [10] , and, indeed, the total prevalence within our study population was 19%-greater than typical estimates of between 3%-7% in the general population [11] . However, the proportion of patients with OSA was not significantly different among patients requiring repeat ablation in our cohort. Broadly speaking, our data along with others suggest that clinical variables likely have limited utility in identifying those patients most likely to require repeat ablation procedures.
Anatomic predictors of need for repeat ablation
In contrast to clinical variables, several anatomic predictors assessed by pre-ablation CMR were signi- have been captured as needing repeat procedures for the purpose of this analysis.
Due to evolution in the technique for measuring and reporting atrial volumes on CMR at our institution, we were only able to report right and LA volumes on a subset of patients in the cohort and therefore, may have been underpowered for analyses involving atrial volumes. Lastly, we did not have data available to assess other anatomic parameters that may affect ablation outcomes, such as mitral valve pathology and PV anatomic variants.
Conclusion
Our data demonstrate that increased PV size is an important predictor of outcomes after AF ablation, with each millimeter increase in PV diameter associated with a roughly 5%-10% increased risk of needing a repeat procedure. These findings suggest that results of preprocedure cross-sectional imaging may be useful in counseling patients undergoing initial AF ablation on the likelihood of needing repeat procedures and may facilitate more informed decision-making. Additional study will be needed to determine whether ablation strategies can be altered at the time of initial ablation in patients with large PVs to mitigate the increased risk of needing repeat procedures.
COMMENTS

Background
Although many studies have assessed predictors of atrial fibrillation (AF) recurrence after ablation, it is unclear whether there are additional relevant predictors of need for repeat ablation. In this study, the authors analyzed clinical and anatomic predictors of need for repeat AF ablation.
Research frontiers
A significant percentage of patients require repeat procedures after initial AF ablation and tools to identify those at highest risk of needing repeat procedures would be useful.
Innovations and breakthroughs
Larger pulmonary vein (PV) size determined by pre-procedure cardiac magnetic resonance imaging had an increased likelihood of needing repeat ablation procedures. Each millimeter increase in PV diameter was associated with an approximately 5%-10% increased risk of requiring repeat procedures.
Applications
The data suggest that pre-procedure magnetic resonance imaging may be useful in identifying individuals at highest risk for needing repeat AF ablation procedures.
larger PVs are associated with an increased likelihood of need for repeat ablation. Since the majority of patients in our study had point-by-point RF ablation, it is conceivable that with larger veins, permanent and transmural isolation is more difficult to achieve due to the need for larger/wider circumferential lesions resulting in a higher likelihood of gaps or recovery of conduction. Patients who required repeat ablation had numerically (although not statistically significant) longer initial ablation times, which may reflect a wider area requiring ablation around larger PVs. In contrast, rather than a purely anatomic explanation, it is also conceivable that larger PV size may be associated with larger LA size and reflect a more advanced atrial substrate or a higher prevalence of risk factors which may contribute to recurrence after ablation and need for repeat procedures.
Previous studies have shown that LA size is larger in patients with AF, and that larger LA size is an independent predictor of AF recurrence after ablation [16] . However, the association between LA size and PV size is inconsistent and not all studies have demonstrated a direct relationship [17] . In our cohort, LA size was weakly correlated with PV diameter. LA size was numerically larger in patients requiring repeat ablation, but the difference was not statistically significant. However, due to an evolution in the technique for measurement and reporting of atrial volumes at our institution during the course of this study, we were only able to report LA area in 204 of the 331 patients (61%), which raises the possibility that we were underpowered to detect a significant difference in LA size.
Limitations
We used repeat ablation, as opposed to AF recurrence, as the primary endpoint for this study. Whereas AF recurrence is an objective measure and much has been reported about predictors of AF recurrence after ablation, need for repeat ablation is a more subjective endpoint and has been less well validated. Although thresholds for performing repeat ablation may vary between providers and across different patient circumstances, the need for repeat procedures has an important impact on resource utilization and is an important metric when counseling patients on expected outcomes after an initial procedure. We chose not to report data on AF recurrence in this cohort. During the time course covered by this analysis, many institutions, including ours, have evolved to more rigorous monitoring for recurrent arrhythmias after ablation, as reflected in the most recent HRS/EHRA/ ECAS consensus statement on AF ablation [18] . Given this evolution, along with increasing numbers of patients with implantable devices capable of detecting AF, it is likely that our ability to detect clinically silent recurrent AF has improved significantly which would confound the results of any analysis looking at AF recurrence as an endpoint.
As an additional limitation, we cannot rule out the possibility that some patients underwent repeat procedures at another facility after having an initial ablation performed at our institution and therefore, would not 
